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Abstract

Distributed acoustic sensing (DAS) provides dense arrays ideal for seismic tomography.
However, DAS only records average axial strain change along the cable, which can com-
plicate the interpretation of surface-wave observations. With a rectangular DAS array
located in the City of Oxnard, California, we compare phase velocity dispersion at the
same location illuminated by differently oriented virtual sources. The dispersion curves
are consistent for colinear and noncolinear virtual sources, suggesting that surface-wave
observations in most of the cross-correlations are dominated by Rayleigh waves. Our
measurements confirm that colinear channel pairs provide higher Rayleigh-wave sig-
nal-to-noise ratio (SNR). For cross-correlations of noncolinear channel pairs, the travel
time of each connecting ray path can still be obtained despite the lower SNR of
Rayleigh wave signals. The inverted Rayleigh-wave dispersion map reveals an ancient
river channel consistent with the local geologic map. Our results demonstrate the poten-
tial of DAS-based 2D surface-wave tomography without special treatment of directional
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sensitivity in areas where one type of wave is dominating or can be identified.

Introduction

The geology underneath a city is a significant consideration in
evaluating and managing seismic risk (Borcherdt and Gibbs,
1976; Aki, 1993; Graves et al, 1998; Olsen et al, 2006).
Scientists have put great effort toward obtaining accurate sub-
surface velocity images to probe highly variable underlying
materials and localize fine-scale structures (Michael and
Eberhart-Phillips, 1991). Various tomographic methods have
been developed for this purpose, including surface-wave
tomography (Shapiro et al., 2005; Nishida et al., 2009), eikonal
tomography (Lin et al., 2013), full-waveform tomography (Lee
et al., 2014), and machine learning-based tomography (Bianco
et al., 2019). Surface-wave tomography with ambient noise
interferometry is one of the simplest approaches for deriving
subsurface velocity models by cross-correlating ambient noise
between each station pair and extracting the Green’s function
along the ray path (Snieder, 2004; Shapiro et al., 2005).
However, dense geophone arrays for high-resolution mapping
require high maintenance costs, and their deployment in met-
ropolitan areas is limited by space constraints.

Distributed acoustic sensing (DAS) provides a cost-effective
solution to acquiring continuous high-resolution seismic obser-
vations by converting pre-existing fiber-optic cables into numer-
ous recording channels effectively spaced every few meters
(Zhan, 2020; Lindsey and Martin, 2021). A DAS interrogator
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unit sends laser pulses down to the fiber and measures the phase
change of backscattered light from natural heterogeneities along
the fiber to infer the axial strain change (Lindsey et al., 2020).
Urban telecommunication cables can thus offer dense seismic
data ideal for ambient noise imaging (Dou et al, 2017; Ajo-
Franklin et al., 2019; Yang, Atterholt, et al, 2022).

DAS can only record axial strain or strain rate in most cases,
except for specialized cable layouts, such as helically wound
fibers (Kuvshinov, 2016; Lim Chen Ning and Sava, 2018).
For cable networks without advanced multidirectional design,
DAS unavoidably has directional sensitivity to different kinds
of seismic waves. Ambient noise tomography is commonly
performed considering colinear channels, such that the result-
ing cross-correlation functions only have surface waves of the
Rayleigh type (Yang, Atterholt, et al., 2022). In this scenario,
the imaged area is limited exactly beneath the DAS cable.
Using noncolinear channel pairs will expand the ray path
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coverage of tomography but can complicate the interpretation
of surface-wave observations and lower the signal-to-noise
ratio (SNR) due to directional sensitivity. Although researchers
have reported coherent signals from cross-correlations
between different fiber-optic lines (Martin et al., 2018), the
interpretation of these signals remains unclear, and they are
not commonly considered further in real data for surface-wave
tomography.

Typically, city telecommunication cables have complex
geometry. Directional sensitivity poses a challenge to signal
interpretation when we want to employ these cable networks
for seismic tomography. Attempts in different manners have
been proposed to tackle this problem. For example, Paitz et al.
(2019) discussed the possibility of an adjoint-based waveform
inversion method using DAS data. Nevertheless, this method
may be computationally expensive and involve more compli-
cations, including source distribution, cable coupling, and site
effects (Sager et al., 2018). Luo et al. (2020) and Martin et al.
(2021) undertook thorough theoretical investigations on fiber-
optic strain interferometry and illustrated the directional sen-
sitivity of various seismic waves. With appropriate cable con-
figurations, it is possible that one kind of wave is dominant or
different kinds of waves can be distinguished.

The approach of directional sensitivity analysis has not been
tested with real DAS data so far. Here, we examine the direc-
tional sensitivity of DAS and the feasibility of 2D ambient noise
tomography using a rectangular DAS array in the City of
Oxnard, California. We compare dispersion curves at the same
location illuminated by colinear and noncolinear virtual
sources to interpret observed surface wave signals. Cross-cor-
relation SNR is measured to evaluate the effects of directional
sensitivity. We further present an example of DAS-based 2D
ambient noise tomography in this area and demonstrate the
potential of efficient subsurface imaging with multiple fiber-
optic lines.

Data and Noise Interferometry

Ozxnard is a city located on the Santa Clara River delta in
southern California, and we were granted access to a
14.7-kilometer-long cable network in the downtown area
(Fig. 1). The Silixa iDAS v2 (Parker et al., 2014) turned these
cables into 2496 virtual channels recording local strain rates,
clockwise along the rectangle. The first 2370 channels have
satisfactory records available for analysis. The channel spacing
is 6.75 m, and the gauge length is set to 10 m. The instrument
operated from 28 January to 13 March 2020 and collected
an 8.3 TB continuous strain rate data at a sampling rate
of 200 Hz.

For noise interferometry, we cross-correlate concurrent
strain rate time series between different channel pairs following
the standard workflow that was developed for conventional
seismic data (Bensen et al., 2007). The preprocessing procedure
includes detrending, removing the mean, band-pass filtering to
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0.1-10 Hz, and downsampling to 50 Hz. Data are then saved as
hourly segments and transformed to frequency domain after a
running-absolute-average temporal normalization. With spec-
tral whitening applied, cross-correlation functions are calcu-
lated and normalized. In total, 1000 h of cross-correlations
are transformed back to time domain and stacked for analysis.
The noise interferometry approach is established under
assumptions of homogeneous noise source distribution or equi-
partitioned wavefield, but these idealized assumptions may not
be strictly followed in practice. Particularly, previous studies
have validated this tomographic method in coastal regions,
where strong microseism from the ocean always causes hetero-
geneous noise source distribution (Castellanos and Clayton,
2021; Jia and Clayton, 2021). It is also justified by theoretical
analyses that travel times, which ambient noise tomography
focuses on, are generally insensitive to this kind of smooth, non-
extreme noise source heterogeneity (Sager et al., 2018).

Analysis of Directional Sensitivity
Directional sensitivity in theory

Unlike a conventional geophone that measures particle motion
at a point, a DAS channel measures the average axial strain or
strain rate over a gauge length of fiber. Here, we assume a sim-
plified single-component geophone measuring particle velocity
and a simplified DAS channel measuring strain rate, both in
the (cos 0, sin 6, 0) orientation. We let a plane wave described
by particle velocity v(x,y,z,t) = (vi(x, 3,2 1), vy(x, , 2, 1),
v,(x, y, 2z, t)), in which x, y, z are spatial coordinates and ¢ is
time. When this wave reaches a geophone, the instrument
observe the velocity vy(x,¥,2,t) = vi(x, y,2,t)
cos 0 + v,(x, y,z t) sin 0. For the same wave field, the point-

would
wise axial strain rate in the same direction (cos 8, sin 6, 0) is

0 0
2;:: cos? 0+ (aal;c + E)ny) cosfsin 0 + alyysin2 0.
1)

(xy,2,t) =

A fiber-optic DAS channel in this direction will observe the
average axial strain rate éy; over a gauge length L:

. 1[5,
€gr(% 0,2, t)=Z/L69(x,y,z, t)dl

1 fi[ov, dv, 0V, ) CI
== |5 —+—== — L 2
L/g[axcos 0+(8y+ax cosOsinf+ aysm o(d. ()
When the wavelength of the plane wave is substantially larger
than the gauge length, the previous equation can be simplified

as follows:
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When DAS measures the axial component of the strain ten-
sor, Martin et al. (2021) has calculated theoretical sensitivity of
plane Rayleigh and Love-wave cross-correlation functions in a
homogeneous half-space. We assume two DAS channels in the
(cos 0, sin 6}, 0) and (cos 0,, sin 6,, 0) orientations, measuring
strain rate time series €y () and ¢y, (t), respectively, and the
direction of the line between these two channels is denoted
by ¢ (Fig. 2). The cross-correlation of two concurrent time
series is given as ¢ * €, = 5 [ €g, (t)ég, (t + T)dt, in which
7 is the time lag and T is the maximum time of data. For
Rayleigh waves, the signal amplitude in the cross-correlation
(Fig. 2a) is described by

|€ég, * €g,| x cos*(6; — ¢) cos* (0, — ¢). (4)

For Love waves, the signal amplitude of the cross-correlation
(Fig. 2b) is described by

k@*é®|ai|$n2wl—¢)ﬁn2w2—¢ﬂ. )

If a pair of channels are in radial-radial alignment
(8, = 0, = ¢), DAS cross-correlation functions have the
maximum sensitivity to Rayleigh waves and zero sensitivity
to Love waves. That validates previous studies that employ col-
inear DAS channels for Rayleigh-wave tomography. When
0, —¢ =0 or 0, - ¢ =0, the sensitivity of DAS cross-correla-
tion functions to Rayleigh waves decays rapidly, and the
sensitivity to Love waves gradually increases. Consequently,
both Rayeleigh and Love wave signals can coexist in noise
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Figure 1. The location of the Oxnard distributed acoustic sensing
(DAS) array and seismic data obtained from this array. (a) The
configuration map of the Oxnard DAS array. The DAS array is
shown in black, with channel numbers annotated. It starts from
channel 0 and goes clockwise, via Second Street (west—east),
Oxnard Boulevard (south—-north), Gonzales Road (west—east),
Rose Avenue (north-south), Channel Island Boulevard (east—
west), Saviers Road (south—north), Wooley Road (east-west),
and C Street (south—north), forming a closed loop. The back-
ground is the near-surface geologic map of this area (Clahan,
2003). The DAS array crosses units Qhw3 (newer Holocene
wash deposits), Qht3 (newer Holocene stream terrace deposits
associated with Qhw3), Qha3 (newer Holocene alluvial deposits
associated with Qhw3), Qhw2 (older Holocene wash deposits),
and Qha2 (older Holocene alluvial deposits associated with
Qhw2). (b) An example 20 min records from the Oxnard DAS
array. The inset shows the location of Oxnard in California. The
color version of this figure is available only in the electronic
edition.

interferometry results at a relatively low SNR and may not
be separable, increasing the difficulty to identify one wave type
for use in tomography.

Directional sensitivity in the data

The cross-correlations of a virtual source with other channels
reveal propagating surface wave signals that can be clearly
traced (Fig. 3). The signals for channels located along the same
line have the highest SNR and can be confidently identified as
Rayleigh-wave fundamental mode based on the aforemen-
tioned theoretical analysis. For some other channels on parallel

Seismological Research Letters 889
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Figure 2. Theoretical directional sensitivity of two kinds of surface
waves for different channel pair configurations. 6; and 8, denote
orientations of two channels, and ¢ denotes the direction of the
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line between these two channels. (a) Rayleigh wave, calculated
from equation (4). (b) Love wave calculated from equation (5). The
color version of this figure is available only in the electronic edition.
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Figure 3. An example shot gather of cross-correlation functions
along the Oxnard DAS array at 0.63 Hz, with the virtual source at
channel 750 on the north—-south section along the Rose Avenue.
(a) Cross-correlation functions for all channels along the DAS
array. The inset shows the virtual source (red cross) and channel
numbers corresponding to turning points (annotated black dots).
(b) Cross-correlation functions for channels at different distances
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to the virtual source. Channels with channel numbers smaller
than the virtual source have negative distance values, and
channels with channel numbers larger than the virtual source
have positive distance values. The inset shows the virtual source
(red cross) and distances corresponding to turning points
(annotated black dots). The color version of this figure is available
only in the electronic edition.
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or orthogonal lines, the signals are still prominent and appear
congruous with radial-radial channel pairs. A quantitative
analysis of the consistency is performed by comparing the
phase velocity dispersion of channel pairs in different configu-
rations. To extract dispersion curves from the cross-correla-
tions, we select a subarray around the measuring channel
and utilize a beamforming method, shifting the waveforms
based on a wide range of phase velocities for each narrow fre-
quency band in 0.5-1 Hz and searching for the optimal value
that can maximize the stacked energy (Nésholm et al., 2022;
Yang, Atterholt, et al., 2022). The anticausal and causal parts
are averaged to address possible signal amplitude asymmetry,
and the subarray size is twice the estimated wavelength assum-
ing a reference phase velocity at each frequency. Repeated mea-
surements are made by treating other channels on the same
line as the virtual source, and final results are produced from
the mean with the uncertainties taken from the standard
deviation. As shown in Figure 4, regardless of how the virtual
source is oriented, the phase velocity measurements do not
show significant variations. The two average dispersion curves
measured at the same location, illuminated by colinear and
noncolinear virtual sources, respectively, are consistent within
measurement uncertainty. Because dispersion curves extracted
from the colinear cross-correlations are supposed to be asso-
ciated with Rayleigh waves, the signals in noncolinear cross
correlations are likely to be dominated by longitudinally
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Figure 4. DAS noise interferometry results along the west—east
section along Gonzales Avenue and the north—south section
along Rose Avenue. (a) A shot gather at 1 Hz, with the virtual
source (red cross) on the west—east section. The green segmentin
the inset displays the range of receivers in the record section. The
black dashed line denotes the bend between two fiber-optic
lines. (b) A shot gather at 1 Hz, with the virtual source on the
north—south section. (c) Comparison of phase velocity dispersion
curves of the same locations (purple dot) on the north-south
section illuminated by a colinear virtual source (blue cross) and an
orthogonal virtual source (red cross). The color version of this
figure is available only in the electronic edition.

polarized Rayleigh waves in light of the dispersion curve con-
sistency.

We calculate the SNR for cross-correlation functions of all
channel pairs along this rectangular DAS array. When SNRs
on the anticausal and causal sides differ, the higher one is con-
sidered. For each channel pair, the SNR value is compensated for
attenuation by multiplying the ratio of the maximum SNR of
colinear channel pairs with the same distance to the reference
SNR of an adjacent colinear channel pair for which attenuation
can be ignored. As shown in Figure 5, although there are more
complexities possibly caused by cable coupling, the observed
SNR map at a certain frequency is generally consistent
with the theoretically predicted sensitivity. It is confirmed that

Seismological Research Letters 891
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channel pairs with different orientations vary in cross-correla-
tion SNRs over all frequency bands, with colinear channel pairs
exhibiting a higher SNR. In particular, some pairs (e.g., with
sources in 0-400 and receiver in 700-1500) show a change
in SNR with angles that compare favorably with the theoretical
analysis. This comparison suggests that the influence of direc-
tional sensitivity is evident in DAS ambient noise interferometry
and should be carefully evaluated in future studies. In this data-
set, despite the expected reduced amplitude for noncolinear
cross-correlation functions, there are still Rayleigh-wave obser-
vations that can be tracked. These prevalent Rayleigh wave sig-
nals enable 2D tomography of areas inside the rectangle between
cables.

DAS-Based 2D Rayleigh-Wave
Tomography

Method

Because Rayleigh wave signals are dominant in most cross-
correlation functions in the frequency band of 0.5-1 Hz,
we can invert for the retrieved Rayleigh-wave dispersion
maps independently at various frequencies, which can ulti-
mately be combined to construct shear-wave velocity models
at different depths. Here, we switch from local phase velocity
beneath a channel to the average group velocity over the ray
path between a pair of channels because these group velocity
measurements sample areas between fiber lines and are com-
putationally efficient to obtain. We demonstrate this method
at a frequency of 0.63 Hz, in which data quality is the best for
this DAS array. For higher frequencies, attenuation and con-
tamination by higher-mode overtones greatly influence the
extraction of Rayleigh-wave group travel time. If the fre-
quency is lower, the wavelength will become comparable with
the scale of the DAS array, and the interference of signals in
anticausal and causal parts will make travel-time measure-
ments inaccurate. The cross-correlation of each channel pair
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Figure 5. Comparison of predicted and observed sensitivity
of Rayleigh wave signals in the noise interferometry results.
(a) The sensitivity calculated from equation (4). (b) The sensitivity
inferred from signal-to-noise ratios (SNRs) in cross-correlation
functions between different channel pairs. Because the
cross-correlation factors are normalized and the noise

energy is similar within this area, SNRs can well represent the
sensitivity. The values are compensated for attenuation. The
color version of this figure is available only in the electronic
edition.

corresponds to a ray path for which we can extract the propa-
gating Rayleigh wave signal. At this given frequency, group
travel times of ray paths are first measured by applying a nar-
row band-pass filter, performing the Hilbert transform to
extract envelope, averaging the anticausal and causal sides,
and then taking the time lag corresponding to the maximum
amplitude.

As previously shown, noncolinear configurations are
projected to have weaker sensitivity of Rayleigh-wave cross-cor-
relations. Some of these channel pairs produce low-SNR obser-
vations and yield erroneous travel times, so a careful quality
control is essential. Channel pairs with a short separation com-
pared with the wavelength are first excluded. Maximum and
minimum group velocities are imposed, and measurements out-
side the interval are disregarded. Assuming the near-surface
velocity is relatively smooth and invariable, we perform
RANdom SAmple Consensus linear regression (Fischler and
Bolles, 1981; Pedregosa et al., 2011) for a fixed virtual source
and channels aligned on the same line, and outliers farther away
from the best-fit distance-time line are also rejected. The
selected travel measurements that are employed for group veloc-
ity inversion are shown in Figure 6.

The standard grid-based inversion scheme is applied to
derive a 2D group velocity map inside the rectangular array.

www.srl-online.org « Volume 94 « Number 2A « March 2023
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A square block parameterization is employed for the inversion,
with a discretization Ax = 100 m in each direction, and
straight ray paths are assumed. Each ray path is divided into
200 evenly spaced segments, and the square center that is clos-
est to the center of a segment defines a square containing that
segment. We use a uniform initial model taken from the aver-
age group slowness from all ray paths. A damped least squares
inversion is performed, with damping parameters selected
from the L curve to balance the model misfit and roughness
(Tarantola, 2005; Aster et al., 2018).

Results
We successfully obtain a Rayleigh-wave group velocity map
at a frequency of 0.63 Hz (Fig. 7a) with this inversion frame-
work, and the workflow can be extended to other frequencies
close to 0.63 Hz (Fig. S1, available in the supplemental
material to this article). The residuals are statistically reduced,
which verifies the success of the inversion (Fig. 7b). Notably,
there is a prominent low-velocity anomaly in the southern
part of the study area, for which location coincides with an
ancient river channel in the geologic map (Clahan, 2003). The
group velocity in this study is sensitive to shear-wave velocity
structures in the top 400 m based on the sensitivity kernel
(Fig. S2) computed from the Southern California Earthquake
Center velocity model, CVM-54.26.M01 (Herrmann, 2013;
Lee et al, 2014). In the top layers, wash sediments within
the river should be softer than alluvial sediments deposited
nearby, which is consistent with the observed low-velocity
anomaly.
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Figure 6. (a) An example pick of Rayleigh-wave group travel
times. The background is a shot gather after Hilbert transform
at 0.63 Hz, with the virtual source at channel 750. The black
dots denote picked Rayleigh-wave travel times for different
channels after quality control. The inset shows the virtual source
(red cross) and channels with picked travel times (black dots).
(b) Rayleigh wave ray paths used in the grid-based inversion,
colored in their average velocities. The color version of this
figure is available only in the electronic edition.

Discussion

We observe apparent surface wave signals in DAS cross-cor-
relation functions across a broad range of channel orientations
and demonstrate that they are mainly Rayleigh wave signals
through comparison of dispersion curves. The observed domi-
nance of Rayleigh waves is central to overcoming the interpre-
tation ambiguity in noncolinear cross correlations, which is the
principal barrier to DAS-based 2D ambient noise imaging.
However, the Rayleigh-wave SNR of noncolinear cross-corre-
lation pairs is systematically lower than that of colinear pairs,
which requires us to implement multilevel quality control pro-
cedures to reject problematic measurements before performing
a tomographic inversion.

Oxnard is close to the Pacific coast. This special environ-
ment with abundant ocean-generated microseism noise can
explain the dominance of Rayleigh waves in most cross-corre-
lation functions calculated from this dataset. Ocean waves can
be the predominant noise source at the frequency band we are
studying (0.5-1 Hz), and wave-wave or wave-bathymetry

Seismological Research Letters 893
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interactions generate strong noise that mainly contain Rayleigh
waves (Hasselmann, 1963; Tanimoto, 2007; Koper et al., 2010).
The directional asymmetry between positive and negative
time lags in cross-correlations (e.g., Fig. 3) indicates that the
observed Rayleigh waves are predominately traveling across
the array from southwest to northeast, which supports the
interpretation of a local oceanic source. Because ambient noise
Love waves originate from propagation effects rather than
directly as a result of wave-wave interaction in the ocean
(Le Pape et al., 2021), the proximity of Oxnard to the coast
may partly explain the lack of Love wave signals. This is
consistent with previous observations of high ambient
noise Rayleigh-to-Love wave ratios in southern California
(Tanimoto et al., 2016; Gualtieri et al., 2020).

In some configurations in which theory predicts minimal
sensitivity (e.g., nearly orthogonal channel pairs), the cross-
correlation data still display Rayleigh wave signals. Small-scale
complexity in the cable configuration (e.g., loops and bends)
can contribute to these amplified observations. Local hetero-
geneity adjacent to cables may also affect DAS strain measure-
ments (Muir and Zhan, 2022). Moreover, a small amount
of Rayleigh waves can be deviated from straight trajectories
as a result of scattering, which magnifies signals for nonopti-
mal channel pair orientations (Yang, Zhan, et al, 2022).
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Figure 7. The inversion results. (a) The Rayleigh-wave group
velocity map at 0.63 Hz. The purple lines in the inset figure
represent the boundary of Qhw2 zone with an ancient river
channel. (b) Histogram of travel-time residuals before and after
the inversion. The color version of this figure is available only in
the electronic edition.

Particularly, thick, poorly consolidated river delta sediments
underlying the city, as well as urban infrastructure such as
multilevel basements and underground parking structures,
can intrinsically lead to significant wave scattering (Johnson
and Silva, 1981; Malagnini et al., 1995; Pitilakis and Tsinidjis,
2014). Although it is plausible that these effects have a secon-
dary impact, signal amplitudes in cross-correlations are still
primarily controlled by the theoretical directional sensitivity
of DAS.

The opportunity for 2D ambient noise tomography using one
type of identified surface wave should not be limited to Oxnard.
In other coastal regions, locally generated ocean microseism
is also expected to be the main noise source and resulting
Rayleigh waves prevail over Love waves. Recently, emerging sub-
marine DAS experiments are providing insight into subsurface
structures beneath offshore areas (Lindsey et al., 2019; Williams
et al., 2019), and the efficiency of tomography is a major concern.
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Previous research has discovered the dominance of Scholte  Figure 8. Example shot gathers from the Ridgecrest DAS array.
waves, the underwater counterpart of Rayleigh waves, in inter- Rayleigh wave signals are annotated and can be clearly traced in
ferometry results of submarine DAS data (Williams ef al., 2021) thg caugal part for every virtual source rggardless of it§ location and
because ocean-related microseism serves as the primary noise orientation. The insets show the location of each virtual source

) - ) (red cross) on the DAS array (blue line). (a) The virtual source is in
source. Integration of data from cables in a proper noncolinear  tpe yyest—east direction. The strongest signal is expected to be the

configuration enables 2D ambient noise tomography of the sea-  direct arrival of Rayleigh-wave fundamental mode. (b,c,d) The
floor, which is more cost-effective than traditional approaches.  virtual sources are in the north—south direction. Signals consistent

Similar imaging work may also be feasible for inland DAS ~ With the Rayleigh-wave fundamental mode can be observed. The
arrays where seismic ambient noise is predominately generated color version of this figure is available only in the electronic edition.
by vehicle traffic. From another DAS array deployed in the City
of Ridgecrest, California, we have more than one year of con-
tinuous seismic records, and we can obtain extremely high-SNR  indicates the broad applicability of our method in a variety of
noise interferometry results with data over that long period (Li ~ environments. Notably, other waves, possibly Rayleigh-wave
et al, 2021; Yang, Atterholt, et al., 2022). Several propagating  higher-mode overtones, Love waves, or body waves, also occur,
signals can be retrieved in noncolinear cross-correlation func-  and they can supply more information about the subsurface if
tions (Fig. 8). After comparing them with signals in colinear  appropriately interpreted. The interpretation of multiple wave
cross-correlations, we can identify consistent Rayleigh waves  signals and potential joint tomography can be another focus
that can be incorporated into future tomography. This example  of future studies.
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Conclusions

We report an experimental analysis of DAS directional sensi-
tivity and DAS-based 2D ambient noise tomography in
Oxnard, California. Although Rayleigh-wave SNR decreases
for noncolinear cross-correlation pairs in accordance with
theory, we can still track surface wave signals in noncolinear
cross-correlations and identify them as Rayleigh waves by
comparing dispersion curves. The dominance of Rayleigh
waves in observations, linked to predominant ocean-generated
microseism noise near the Pacific coast, is a prerequisite for
imaging 3D structures inside the rectangular DAS array.
With a multilevel quality control algorithm to select reliable
measurements and a conventional grid-based inversion, we
can efficiently construct a high-resolution Rayleigh-wave
dispersion map, which can ultimately be inverted to a true
3D shear-velocity model. The tomography results successfully
recover fine-scale geological structures. We suggest that this
workflow also applies to other areas where one type of surface
waves dominates or can be separated. This study demonstrates
that DAS is capable of high-resolution subsurface imaging in
3D and can be effective in subsurface structure identification
and urban seismic hazard analysis.

Data and Resources

The noise cross-correlations for producing all the results can be down-
loaded from CaltechDATA at doi: 10.22002/D1.20221 in the Program
for Array Seismic Studies of the Continental Lithosphere (PASSCAL)
SEG-Y format, with the script to read PASSCAL SEG-Y files enclosed.
This file contains cross-correlation functions for all 2370 x 2370 chan-
nel pairs, with time lags between —30 and 30 s. The geologic map of
Oxnard can be found at https:/filerequest.conservation.ca.gov/?q=
oxnard_prelim.pdf (last accessed October 2022). The supplemental
material includes two figures to support the main text. Figure S1
presents Rayleigh-wave group velocity maps at 0.60, 0.63, and
0.66 Hz, as a supplement of the result at 0.63 Hz (Fig. 7a). Figure
S2 shows the sensitivity kernels of Rayleigh-wave group velocity at
these frequencies computed from the reference CVM-54.26.M01
model.
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